The crystallization processes of Fe 83.3+x B 7¹x P 9 Cu 0.7 (x = 0 to 2.5 at%) amorphous alloys were thermodynamically assessed using ThermoCalc software with TCFE7 database for Fe-based alloys. The analysis of the alloys for a primary crystallization precipitating bcc-Fe revealed metastability among four phases comprising bcc-Fe, two kinds of Fe-based amorphous phases that are rich in Fe-B and Fe-P and crystalline Curich phase. The roles of P and Cu additions to the Fe-based amorphous alloys are thermodynamically interpreted as stabilizing the remaining amorphous phase at the primary crystallization. The dual Fe-rich amorphous phases due to the inclusion of P characterize a heterogeneous amorphous structure of NANOMET family alloys comprising Fe and metalloids mainly and without early-transition metals.
Introduction
The present paper describes thermodynamic assessment of Fe 83.3+x B 7¹x P 9 Cu 0.7 (x = 0 to 2.5 at%) alloys, 1) which have been exploited in a framework of Fe-based nanocrystalline soft magnetic alloys achieved by crystallizing an amorphous phase. The Fe-B-P-Cu alloys belong to a family alloy developed from a prototypical Fe 76 Si 9 B 10 P 5 (at%) bulk metallic glass (BMG) with a critical diameter of 2.5 mm.
2)
The Fe 76 Si 9 6) The peculiar characteristics of the Fe 76 Si 9 B 10 P 5 BMG with Fe content ² 75 at% and solute elements from metalloids only lead to develop a series of soft magnetic alloys through crystallizing the amorphous phase to precipitate bcc-Fe (¡-Fe) in a nanometer scale. For instance, Fe 83.384.3 Si 4 B 8 P 34 Cu 0.7 nanocrystalline soft-magnetic alloys 7) (NANOMET μ ) have been developed with modifying the alloy compositions and contents from a prototypical Fe 76 Si 9 B 10 P 5 BMG. The NANOMET alloys exhibit rather good soft magnetic properties for high magnetization, coercivity and core loss 7) among the Fe-based nanocrystalline alloys due to their high Fe content and a fine and homogeneous structure in nanometer scale with grain size ³ 15 nm. Here, it should be noted that NANOMET differs from conventional soft magnetic nanocrystalline alloys, such as FINEMET comprising Fe-Nb-Si-B-Cu 8) and NANOPERM from Fe-Zr-B-Cu 9) in that NANOMET is free of early transition metal (ETM). On the other hand, FINEMET, NANOPERM and NANOMET all contain small amount of Cu. Here, the role of Cu inclusion is widelyaccepted as the formation of Cu clusters 8) and resultant enhancement of Fe(Si) and bcc-Fe phases for FINEMET and NANOPERM, respectively. However, the crystallization mechanism of NANOMET has not enough been clarified yet, although the chemical species without ETMs are rather simple when compared to FINEMET and NANOPERM. Hence, it is worth analyzing the NANOMET for thermodynamic characteristics in order to clarify the crystallization mechanism.
In assessing, one faces with difficulty in handling the multicomponent alloy systems with elements more than three. Of the Fe-based BMGs, the ternary Fe 72 Y 6 B 22 BMG is the simplest one, but the quaternary Fe 76 Si 9 B 10 P 5 BMG can be a favorite alloy than the Fe 72 Y 6 B 22 BMG in that the latter has fewer components comprising Fe and metalloids only. In reality, the authors focused on this advantageous aspect and assessed the Fe 76 Si 9 B 10 P 5 BMG by utilizing its simplicity. 10) Thus, the authors have started to analyze quinary Fe 83.384.3 -Si 4 B 8 P 34 Cu 0.7 alloys that exhibit better soft magnetic properties than Fe-B-P-Cu alloys and the Fe 76 Si 9 B 10 P 5 BMG. However, NANOMET contains Si as a solute element to form a solid solution in bcc-Fe in a wide compositional range, which makes it complicated in analyzing the thermodynamic investigations. Hence, in the present paper the authors selected Fe-B-P-Cu alloys without Si as a candidate for the analysis next to the Fe 76 Si 9 B 10 P 5 BMG. It is expected that comparison between the Fe 83.3+x B 7¹x P 9 Cu 0.7 and Fe 76 Si 9 -B 10 P 5 BMG leads to clarify the role of Cu element. Furthermore, it is expected that thermodynamic approach provides a role of the addition of P in the NANOMET family alloy that have not been clarified in details.
The purposes of the present study are to assess the Fe-B-PCu alloys thermodynamically, to clarify their crystallization processes and to derive the roles of the Cu and P additions for their crystallizations.
Methods
Thermodynamic features of the Fe 83.3+x B 7¹x P 9 Cu 0.7 (x = 0 to 2.5 at%) alloys 1) were computationally investigated with commercial software, Thermo-Calc Ver. 3.1, combined with TCFE7 database for Fe-based alloys. Table 1 summarizes the phases for assessing the Fe-B-P-Cu system where these phases were determined automatically as a default with TCFE7 database when selecting the constituent elements from Fe, B, P and Cu. Preliminary study for chemical analysis revealed that BCC A2, M 2 B Tetr (tetragonal) and M 3 P phases that frequently appear in the present study were bcc-Fe, Fe 2 B and Fe 3 P phases. In assessing the primary crystallization that involves bcc-Fe and amorphous phases, BCC A2, FCC A1 and Liquid phases were intentionally selected in the analysis for Gibbs free energy (G) and other thermodynamic quantities. Calculations were performed for equilibrium phase diagrams, single point equilibria for chemical composition at the equilibrium phases and property diagrams including mole and volume fractions of equilibrium phases as a function of absolute temperature (T ) ranging 500 to 2000 K. The liquidus temperature (T l ) was calculated and the G for liquid (G liquid ) was extrapolated into lower temperatures than T l and regarded as G for amorphous phase (G amor ). The experimental data were acquired from literature 1) in terms of the primary and secondary crystallization temperatures (T x1 and T x2 ) for precipitating bcc-Fe and compound phases, respectively, together with crystallization enthalpies (¦H x1 and ¦H x2 ) corresponding to heat release in crystallization. The ¦H x1 and ¦H x2 were also evaluated computationally from an amorphous phase to a metastability comprising bcc-Fe + remaining amorphous phase and subsequent equilibrium phases. Furthermore, G's for bcc-Fe and amorphous phases were calculated as a function of composition to derive T 0 temperature where the both phases are in the same G level.
With the aim to clarify the crystallization processes, the authors paid attention to an early work of the Fe 83.3+x B 7¹x P 9 -Cu 0.7 alloys 1) for DSC analysis shown in Fig. 1 . Figure 1 demonstrates the following tendencies of the Fe 83.3+x B 7¹x P 9 -Cu 0.7 alloys. When the Fe content increases with increasing x, T x1 decreases, whereas "H x1 increases, and T x2 almost remains unchanged around 770 K. Another peculiar feature of the DSC traces is that the ratio of "H x1 /"H x2 increases with increasing x over its value of unity. This peculiarity will be discussed in next Section. The details of the changes of T x1 , T x2 , "H x1 and "H x2 are summarized in Table 2 .
The applicability of TCFE7 database for the Fe-B-P-Cu alloys was examined in advance. This is because the present alloys contain excess amounts of solute elements for P and B over the recommended composition limits of elements of TCFE7 database, 11) although it is said that some calculations will still give good results for alloys with some alloying elements. Here, the limits given by TCFE7 database are "Trace" in the units of ppm order for B and P, 5.0 mass% for Cu and Fe-minimum of 50 mass%. Besides, the instructions of TCFE7 database indicate that many intermediate compounds that do not occur in steels/Fe-alloys have been deleted from the database, suggesting that it is not suitable to calculate complete binary and ternary systems, but rather only in the iron-rich corner.
11) Besides these limits, the present study did not deal with some of the metastable phases such as Fe 3 B and Fe 23 B 6 phases. The main reason for omitting Fe 3 B and Fe 23 B 6 phases is the lacks of these phases in the TCFE7 database in case of applying TCFE7 database to the Fe-B-P-Cu system. Another reason for omitting the Fe 23 B 6 phase is due to the experimental data that the Fe 23 B 6 phase can be a metastable phase in the Fe-based amorphous alloys with Nb 12) from ETM and C 13) to the Fe-Si-B-P-Cu system. At any event, the present study mainly deals with primary crystallization of ¡-Fe to precipitate from an amorphous phase, and thus, these metastable phases were out of the considerations.
The preliminary examinations were performed for phase diagrams of Fe-based binary 14) and ternary 15) alloys shown in Fig. 2 . Figures 2(a)(c) show that TCFE7 database provides Table 2 Primary and secondary crystallization temperatures (T x1 and T x2 ), and the exothermic heat ("H x1 ) in the units of J g ¹1 reported in literature 1) and its conversion to those of kJ mol ¹1 for the primary crystallization where x denotes the contents of B and Fe in the Fe 83.3+x B 7¹x P 9 Cu 0.7 (x = 0 to 2.5 at%) amorphous alloys.
"H x1 /kJ mol appropriate binary phase diagrams for (a) Fe-B, (b) Fe-P and (c) Fe-Cu systems for their Fe-rich side. In a similar way, it was found that TCFE7 database provides rational result for a ternary Fe-P-Cu shown in Fig. 2 (e). However, as shown in Fig. 2 (d), TCFE7 database gave poor results for Fe-B-P system in terms of the absence of Fe 9 B 2 P phase denoted with "2" with a stoichiometry of Fe 3 (B 2/3 P 1/3 ), which lies on the Fe-B side at 75 at% in the Fe-B-P ternary phase diagram. There remains a minor problem for reproducing (d) Fe-B-P ternary system at its Fe-corner, but it was found that TCFE7 database barely has ability to produce phase diagrams at Ferich corner. This reproducibility seems to be enough in the present study, since the content of Fe reaches to 85 at%.
Results and Discussion
First, a vertical section phase diagram along the Fe 83.3+x -B 7¹x P 9 Cu 0.7 (x = 0 to 2.5 at%) alloys was computed to clarify the compositional dependence of T l and equilibrium phases. The vertical section phase diagram shown in Fig. 3 for B content (c B ) ranging 0 to 10 at% (x = 7 to ¹3) exhibits rather simple for a multicomponent phase diagram and consists of apparent eutectic reactions. Specifically, the apparent eutectic reaction (Liquid $ Liquid + bcc-Fe + Fe 2 B) exists at c B = 7.5 at% B, and another eutectic reaction (Liquid + bcc-Fe $ Liquid + bcc-Fe + Fe 2 B + Fe 3 P) is also seen at c B = 1.8 at% B. At T = 1270 K most of the alloys in Fig. 3 excepting the ones near c B ³ 0 at% B are solidified into a solid comprising bcc-Fe + Fe 2 B + Fe 3 P, followed by precipitating Cu at low temperatures to 500 K. These equilibrium phases should be compared to experimental data, but the details of the crystallized phases for compounds were not reported in literature. 7) Thus, the authors referred to alternative experimental data in an early study on Fe-P-B-Si base amorphous alloys, 16) indicating that an 14) and ternary 15) alloys, which are sub-systems of Fe-B-P-Cu quaternary alloys acquired from literature (thin lines) and computed (thick lines). Table 3 . Table 3 indicates that the bcc-Fe and Cu phases have a considerably small solubility for other constituent elements less than 0.557 at% P to Fe and 0.0056 at% Fe to Cu, respectively, whereas the Fe 2 B and Fe 3 P phases are virtually regarded as pure stoichiometric compounds.
Further analysis was carried out for property diagrams showing relationships between mole fraction and temperature. The results for the Fe 83.3+x B 7¹x P 9 Cu 0.7 alloys with x = 0 and 2.5 shown in Fig. 4 exhibit that both alloys have the same equilibrium phases at low temperature from the eutectic temperature (T e ) near 1270 K to 500 K. It was found that (a) Fe 85.8 B 4.5 P 9 Cu 0.7 alloy (x = 2.5) differs from (b) Fe 83.3 B 7 P 9 Cu 0.7 (x = 0) at temperatures ranging T e to 500 K in that mole fraction of bcc-Fe are higher in (a) than (b), whereas the mole fractions of Fe 3 P and Cu exhibit the same and those of Fe 2 B is lower in (a) than (b). These tendencies at T¯T e for the Fe 83.3+x B 7¹x P 9 Cu 0.7 alloys indicate that the mole fractions of bcc-Fe and Fe 2 B are compensated with each other and that the Fe 3 P and Cu keep remained due to the constant P and Cu contents.
Then, G of the Fe 83.3+x B 7¹x P 9 Cu 0.7 alloys was calculated for liquid, bcc-Fe, Fe 2 B, Fe 3 P and Cu phases at T x1 and T x2 in order to clarify the mechanisms of the primary and secondary crystallizations. In a course of assessing G, we draw a G composition diagram in a form of vertical section scheme by assuming that the primary crystallization takes place along the compositional line to connect pure Fe and each composition of the alloys. The diagrams, thus obtained in Fig. 5 , are regarded as hypothetical binary diagrams to demonstrate the crystallization mechanisms comprehensively. On these hypothetical binary diagrams, the primary crystallization takes place at T x1 from an amorphous phase (A) to bcc-Fe (B) and remaining amorphous phase (C) where G decreases from A to symbol D. Then, the secondary crystallization takes place at T x2 from bcc-Fe (F) and remaining amorphous phase (G) and resultant G value at symbol E decreases to that at symbol H, although the corresponding compound phases are not drawn in Fig. 5 . Here, it should be noted that Fig. 5 is valid for evaluating crystallizations with G only if the crystallizations take place along the composition lines parallel to the x-axes and that symbol A only exists on the vertical section diagrams. In other words, symbols DA, EA and H give the actual G values upon crystallizations, but these G values are the projected ones onto Fig. 5 just for reference. The actual contents of the metastable phases are summarized in Table 4 and the values of G of the metastable and stable phases are listed in Tables 4  and 5 where these phases are not necessarily plotted on the vertical section diagrams in Fig. 5 . These are the shortcomings of Fig. 5 , but, in turn, the crystallization schemes of quaternary Fe-B-P-Cu alloys can be described comprehensively in Fig. 5 . With permitting the shortcomings of Fig. 5 , the analysis was carried out based on Fig. 5 for the Fe 85.8 B 4.5 P 9 Cu 0.7 at T = 647 K and Fe 83.3 B 7 P 9 Cu 0.7 at T = 678 K, where both temperature are T x1 's. Figure 5 demonstrates the crystallization schemes with decreasing in G. At T x1 for the primary crystallization, the amorphous single phase was at the level of A on the G amor with a potential to equilibrate between bcc-Fe and remaining amorphous phase (BC). Here, it should be noted that in reality remaining amorphous phase shown with symbol C in Fig. 5 is composed of dual Fe-rich amorphous alloys that are further enriched in B and P as shown in Table 4 at T x1 . The dual amorphous phases in Table 4 cannot be expressed in Fig. 5 , and thus, Amor#1 and Amor#2 are regarded as a hypothetical single amorphous phase corresponding to the G at symbol C in Fig. 5 . As a result of primary crystallization, G decreases from A to D where point DA was the actual value for the equilibrium among bcc-Fe, dual amorphous phases computed. At higher temperature than T x1 , the metastability comprising bcc-Fe and remaining amorphous phase keeps remained up to T x2 with decreasing G denoted by a line FG where the alloy is subjected to have a free energy level G at E. It is again that the actual computed equilibrium is out of the vertical section system in Fig. 5 and actual value is at a free energy level G at EA. Then, the secondary crystallization takes place to reach to the equilibrium at the level of H, which is achieved by the equilibrium among bcc-Fe, Fe 2 B, Fe 3 P and Cu phases at T x2 by summing up the values of G for each phase with the composition of the alloy. The values of G of Fe 2 B, Fe 3 P and Cu phases at T x1 and T x2 for the Table 5 . With the values of G's in Table 5 , the authors interpreted that in the equilibrium, G values of the Fe 2 B and Fe 3 P phases are lower than those of the tangent in a form of hyperplane including point at D (DA) ³ 35 kJ mol ¹1 where the hyperplane-tangent here corresponds to the tangent line in a binary alloy. However, as the experimental data 7) suggest precipitations of these phases do not take place because of the lacks of thermal activations at T = T x1 .
The results shown in Fig. 5(a) indicate that G of bcc-Fe and liquid (G bcc-Fe and G liquid ) crosses for the Fe 83.3 B 7 P 9 Cu 0.7 alloy with z = 7 at%, suggesting that T = 678 K is T 0 as well as T x1 . From Fig. 5 , it is possible that the primary crystallization corresponds to the decrease in ¦G x1 denoted by segment ADA. The ¦G x1 , thus evaluated, was 2.44 kJ mol ¹1 for the Fe 83.3 B 7 P 9 Cu 0.7 alloy and 3.61 kJ mol ¹1 for the Fe 85.8 B 4.5 P 9 Cu 0.7 alloy as summarized in Table 6 . The thermodynamic assessment indicates that the alloys eventually fall into an equilibrium phases comprising bcc-Fe, Fe 2 B, Fe 3 P and Cu phases with each volume fractions explained in Fig. 4 . At the equilibrium state at H in Fig. 5 Table 6 indicate that the G analysis reproduces the tendency of ¦H x1 and ¦H x1 /¦H x2 experimentally measured in literature with increasing x, 1) which were partially shown in Fig. 1 and Table 2 . Comparisons of Figs. 5(a) and (b) suggest that a tendency to increase in ¦G x1 of the Fe 83.3+x B 7¹x P 9 Cu 0.7 alloys with increasing x (decreasing z in Fig. 5 ) is due to the shift in the alloy composition from T 0 to the Fe-rich side corresponding to point A's in Figs. 5(a) and (b), respectively.
The presence of dual Fe-rich amorphous phases equilibrate with bcc-Fe can be supported by a nature of mixing enthalpy (¦H mix ) of binary systems comprising Fe, B and P. According to the author's previous work 17) based on Miedema's model, 18) ¦H mix /kJ mol ¹1 for an A-B binary liquid alloy at equi-atomic A 50 B 50 composition is ¹26 for Fe-B, ¹39.5 for Fe-P and 0.5 for B-P, indicating that Fe-B and Fe-P atomic pairs have a tendency to form amorphous structure, whereas B-P atomic pair has a weak immiscible tendency. In contrast, there exist apparent immiscible atomic pair in Fe-Cu with ¦H mix = 13 kJ mol ¹1 , which is widelyutilized for obtaining nanostructured soft magnetic alloys. These thermodynamic analyses lead to a solution to the roles of additions of Cu and P as follows. The addition of Cu enhances the precipitation of bcc-Fe because of its immiscible nature to Fe, as is widely-accepted in a series of Febased nanostructured soft magnetic alloys. Besides, thermodynamic analysis revealed the contents of constituent elements of each metastable phase at T x1 as summarized in Table 4 . The comparisons of components for Fe, B and P between (a)(c) and (b)(d) indicates that there are no considerable differences in the contents of each component in each phases. On the other hand, the volume fraction (V f ) of Amor #1 (rich in Fe-B) faintly decreases by the addition of Cu whereas Amor #2 (rich in Fe-P) increases. For instance, V f of Amor #1 is 0.23744 for (a) Fe 83.3 B 7 P 9 Cu 0.7 at T = 678 K from V f = 0.24090 for (c) Fe 84 B 7 P 9 at T = 678 K whereas that of Amor #2 is 0.12939 for (a) from V f = 0.12285 for (c). Besides, V f of bcc-Fe phase also slightly decreases by the addition of Cu, since Cu was substituted with Fe that causes the decrease in Fe content for (a) and (b) than (c) and (d), respectively. However, these small changes in V f cannot be regarded as significant differences due to the addition of Cu because of accuracy of the present calculations by extrapolating the G amor. from G liquid . A rational interpretation of the effect of Cu addition can be seen in Table 4 in that Cu contains 1.67 ³ 1.86 at% P to form fcc phase, which are much higher than Fe and B ranging 0.01457 at% or less in Table 4 (a)(b). These differences in solubility of Fe, B and P into Cu are supported by the binary equilibrium phase diagrams, 14) indicating that Fe and B are almost completely immiscible into Cu whereas 2.2 at% P are soluble in Cu at 673 K. 14) Here, it should be noted that the amounts of P ranging 1.67 ³ 1.86 at% are much higher than 0.0164 at% P in FCC A1 phase at T x2 shown in Table 3 . The presence of solubility of P in Cu suggests that P included Cu solution, Cu(P), is stable in terms of G than pure Cu. In addition, stabilized Cu(P) affects increasing stability of bcc-Fe. This can be confirmed in Table 4 for G values of fcc (Cu-rich) phase: at T = T x1 , G = ¹29.140 and ¹27.700 kJ/mol for Fe 83.3 B 7 P 9 Cu 0.7 and Fe 85.8 B 4.5 P 9 Cu 0.7 , respectively, which are lower than G = ¹27.0 and ¹25.3 kJ/mol for pure Cu phase in Table 5 . These thermodynamic explanations for the Fe-B-P-Cu alloys indicate that roles of Cu and P as follows. The principal role of Cu is enhancing the precipitation of bcc-Fe due to the immiscible nature. On the other hand, P plays a role to decrease in G in the amorphous phase. Meanwhile, nearly 1 at% P solutes into Cu, enhancing the stability of Cu. These roles of Cu and P on the crystallization take place simultaneously and cannot be separated clearly, but the decrease in G in Fe-P amorphous phase is the key characteristic at the primary crystallization. It is possible that the metastable phase equilibria at T x1 among bcc-Fe, dual amorphous phases and Cu-rich phases are complicatedly mixed, and this complexity yields the nanocrystalline structure of the Fe-B-P-Cu alloys in a NANOMET family alloy. Table 6 Changes in Gibbs free energy and enthalpy for the primary and secondary crystallizations (¦G x1 and ¦G x2 ) and (¦H x1 and ¦H x2 ) at T x1 and T x2 , respectively. The primary crystallization is a process from a liquid phase to bcc-Fe + amorphous at T x1 , whereas the secondary one from a bcc-Fe + amorphous to the equilibrium phases at T x2 . 
Conclusions
Thermodynamic assessment with Thermo-Calc using TCFE7 database with Gibbs free energy (G) and relevant quantities revealed the characteristics of crystallizations of Fe 83.3+x B 7¹x P 9 Cu 0.7 (x = 0 to 2.5 at%) alloys. The crystallization enthalpy measured experimentally were acquired from literature for the primary and secondary ones (¦H x1 and ¦H x2 ) and were evaluated by the analysis of G and resultant changes in ¦H x1 and ¦H x2 calculated due to the precipitations of bcc-Fe phase from an amorphous phase and subsequent crystallization comprising compound phases, respectively. The results revealed that ¦H x1 and ¦H x1 / ¦H x2 reproduce a tendency to increase with increasing x as the experimental data. At the primary crystallization temperature, bcc-Fe equilibrates with dual Fe-rich amorphous phases that are further rich in Fe-B and Fe-P and Cu. The 0.7 at% Cu addition of the Fe 83.3 B 7 P 9 Cu 0.7 has a role to enhancing the precipitating bcc-Fe due to the immiscible nature where nearly 1 at% P solutes into Cu, enhancing the stability of Cu. On the other hand, P plays a role to decrease in G of an amorphous phase as a Fe-P enriched one in addition to the Fe-B amorphous phase. These roles of Cu and P contribute to stabilizing the amorphous phases in the metastability at T x1 . It is possible that the metastable phase equilibria at T x1 among bcc-Fe, dual amorphous phases and Cu-rich phases are complicatedly mixed, and this complexity yields the nanocrystalline structure of the Fe-B-P-Cu alloys in a NANOMET family alloy. The presence of the dual Ferich amorphous structure provides the origin of NANOMET family alloy comprising mainly Fe and metalloids with small addition of Cu and free of early transition metals to exhibit heterogeneous amorphous structure.
